The structures of the colicin Ib plasmid (ColIb), the delta transfer factor and a plasmid determining kanamycin resistance and colicin Ib production called KColIb, were compared. Radiolabelled mini-ColIb plasmids and isolated DNA fragments of ColIb were used as probes for nitrocellulose blots of digests of the other two large plasmids. The structure of delta was consistent with it having one large deletion of about 10 MDa in the SB fragment and two insertions of approximately 6 MDa and 12 MDa in the SB and SA fragments of the ColIb plasmid. It was hypothesized that KColIb had six small insertions in SA, SB, SE and near the junction of the SB and SD fragments. However, ColIb, KColIb and delta were homologous for at least 70% of their lengths. The highly conserved regions in the three plasmids were the regions that corresponded to fragments SA, SC and SD of ColIb. In addition, delta and KColIb differed from ColIb at similar sites. The possible evolution of these plasmids is discussed.
INTRODUCTION
Plasmids specifying I pili form a large and complex group whose members may belong to one of at least five incompatibility groups (Datta, 1975; Bukhari et al., 1977) . The Ia or I, incompatibility group contains those plasmids for which the group was named, the colicin I determining plasmids, ColIa and Ib, as well as a large number of antibiotic resistance plasmids and the delta transfer factor. These plasmids have M, values of around 60 x lo6, are$- (Bukhari et al., 1977; Falkow et al., 1974; Pitton & Anderson, 1970) , are generally selftransmissible and are usually able to mobilize other plasmids (Anderson et al., 1973; LeMinor et al., 1974) . Previous studies have shown that plasmids in the I group share up to 83% of their sequences. Grindley et al. (1973) showed that a kanamycin resistance, colicin Ib producing plasmid called TPl 10 and the delta factor had 83 % DNA homology, and Falkow et al. (1974) reported 78 % and 8 1 % homology between different pairs of antibiotic resistance plasmids belonging to this group.
The I plasmids are widely distributed in Escherichia coli and species of Salmonella, Shigella and Klebsiella, but are unable to replicate in Proteus or Pseudomonas (Bukhari et al., 1977) . Interestingly, of 36 transferable colicin plasmids from strains of Enterobacteriaceae isolated between 1917 and 1954, 35 coded for production of colicin I (Hughes & Datta, 1983) .
Besides the j function and plasmid incompatibility, patterns of phage sensitivity have been used in the classification of plasmids. Anderson et al. (1973) proposed that ColIb and the delta transfer factor must specify different transfer systems, because of the very different patterns of phage sensitivity conferred on Salmonella typhimurium by these two plasmids. The group containing the ColIb plasmid was referred to as gamma to differentiate it from the delta group, Later work on the classification of the I group plasmids, however, failed to suggest that plasmids in the Ia or I I complex have different transfer machinery (Coetzee et al., 1982) .
Delta and ColIb cause differences in phage sensitivity in E. coli analogous to those in S. typhimurium. Coliphages T5 and BF23 do not grow in cells containing ColIb , whereas delta causes inhibition of another group of coliphages, the female specific (T7-like) group (Pitton & Anderson, 1970; Duckworth et al., 1983) . ColIb also has been observed to inhibit mutants of T7 which lack the T7 protein kinase (T7k-mutants (Gomez & Nualart, 1977) . However, inhibition of wild-type T7 was not observed (Gomez & Nualart, 1977) . Recently, we have isolated fragments of ColIb DNA that are able to inhibit the wild-type T7, as does whole delta factor, suggesting that this inhibition may be a repressible function of I plasmids . This led us to inquire as to whether the delta factor and ColIb were essentially the same plasmid with only small changes in the colicin and phage-inhibiting genes. In this study, we have undertaken a structural analysis of these two plasmids, utilizing hybridization to plasmid digests with isolated probes. The structure of a different ColIb plasmid (KColIb) which carries resistance to kanamycin and is unable to inhibit T7 or its protein-kinaseless mutant has also been examined to determine its relationship with the other two.
METHODS
Bacterial strains andplasmids. E. coli BM21(KColIb), a K12 F-Nalr strain, was obtained from K. B. Sharma at the National Salmonella Phage Typing Center, New Delhi, India. The KColIb plasmid, originally isolated in S. typhimurium (Anderson & Smith, 1972) , had been transferred to E. coli BM21 from S . typhimurium. We transferred it again to E. coli HBlO1, a recA-strain, to stabilize its structure, which was seen to vary somewhat in the r e d + host BM21. E. coli containing the delta transfer factor (Anderson, 1966) was also obtained from K. B. Sharma. HBlOl and HBlOl(pBR322) were obtained from N. Muzyczka, State University, NY, USA. E. coli RM43, containing the ColIb plasmid, was obtained from R. Moyer, Vanderbilt University, Nashville, Tenn., USA. The derivation of the recombinant plasmids pTPG4 and pTP23 1 has been described previously (Pinkerton et al., 1981) . Mini-plasmids were derived from two Tn5-containing ColIb plasmids, pGD26 and pGD32, constructed in this laboratory (Walia et al., 1982) . The isolation of the mini-plasmids pSM32, pHM32, and pHM26 is described by Walia & Duckworth (1983) . pHUO11 was sent to us by H. Uemura (University of Tokyo, Japan), who constructed this plasmid (Uemura & Mizobuchi, 1982a, b) . The derivation of pHK1-1 is described below. Information regarding the mapping of ColIb is described by Walia et al. (1982) , Walia & Duckworth (1983) and Uemura & Mizobuchi (1982a, 6 ).
Colicin production and phage inhibition. Colicin production was checked by overlaying 1 -or 2-d-old colonies (killed with CHCl,) with the indicator strain K12S (Enteric Reference Laboratory # 22R80). After incubation overnight, colicin producers exhibited a clear zone of killing around the original colony . Phage inhibition was assayed by streaking bacteria at right angles across a streak of approximately lo8 phage or by counting the number of plaques by the soft agar overlay method (Adams, 1959) .
In the streak method, phage-producing bacteria become infected as they cross the streak and are lysed if they can support phage multiplication; hence, bacteria which will not grow on the far side of the phage streak are classified as not inhibiting, while those that grow after crossing the streak are classified as phage inhibiting.
DNA isolation and restriction enzyme digestions. Plasmid DNA was isolated by CsCl/ethidium bromide centrifugation, as described by Pinkerton et al. (198 1) . All the enzymes used were purchased from BRL. Incubation and storage conditions were as recommended by the supplier. The reference lambda DNA was kindly provided by R. Samulski, State University, NY, USA, and adenovirus DNA by K. I. Berns, Cornell University Medical College, NY, USA.
Transformation. Bacterial transformation was accomplished by the RbC1-heat-shock method of Kushner (1978) .
Gel electrophoresis. This was done at 75 V for 18 h using vertical agarose gels (40 x 20 x 0-3 cm) of varying concentrations (0.6-1.2%) in TEA buffer (40 mM-Tris/acetate pH 7.8, 2 mM-EDTA). After electrophoresis, the gels were soaked in 0.5pg ethidium bromide m1-I in TEA buffer for 1 h, rinsed with TEA buffer and photographed with a UV light source.
32P-Labelling ofDNA. Specific 32P-labelled probe was made by nick translation of whole plasmids or isolated restriction fragments using E. coli polymerase I and [32P]dCTP, as described by Rigby et al. (1977) . The specific activity of the probe was usually lo* c.p.m. (pg DNA)-'. When isolated fragments were used, these were extracted from agarose gels, as described by Finklestein & Rownd (1978) .
Southern blotting and hybridization. Restriction fragments were transferred from gels to nitrocellulose paper using the procedure of Southern (1975) . The filters were baked at 80 "C in uacuo for 2 h and prehybridized in 6 x SSC (1 x SSC is 0.15 M-NaCl, 0.015 M-trisodium citrate, pH 7.0), 0.02% Ficoll, 0.02% polyvinylpyrrolidone and 0.2% bovine serum albumin, as described by Denhardt (1966) . DNA-DNA hybridization was done in 6 x SSC, 5 x Denhardt's solution, 0.5% SDS and 100 pg denatured salmon sperm DNA ml-I at 68 "C for 16 h.
The specific activity of probe was lo8 c.p.m. (Fg DNA)-'. The hybridized filters were washed twice with 2 x SSC and 0.5% SDS at 68 "C for 2 h with gentle agitation and followed by two washings with 1 x SSC and 0.5% SDS and 0.1 x SSC and 0.5% SDS at room temperature. The filter was dried at room temperature on a sheet of Whatman 3 mm paper, wrapped in Saran wrap and applied to X-ray film for autoradiography.
Cloning of the kanamycin resistance gene. The DNA fragments conferring kanamycin resistance in KColIb were cloned into pBR322 in the following manner. A complete HindIII digest of pBR322 and partial HindIII digest of KColIb were mixed in a 1 : 3 molar ratio and ligated at 14 "C, as described by Pinkerton et al. (1981) . The ligated mixture was transformed into E. coli and Kanr Ampr colonies were selected on nutrient agar containing 30 pg kanamycin ml-I and 100 pg ampicillin m1-I.
Nomenclature. Fragments of ColIb are named alphabetically, using the first letter of the enzyme followed by an alphabetical size notation, with A being the largest. Delta and KColIb fragments are denoted by a D or a K, followed by the first letter of the enzyme, which is followed by a number denoting size, with 1 being the largest.
R E S U L T S
Comparison of restriction digests of delta, ColIb and KColIb The arrangement of the fragments in ColIb has been previously determined (Walia & Duckworth, 1983) , and is summarized in Fig. 1 . The sizes of the ColIb, delta transfer factor and KColIb fragments after digestion with HindIII, SafI and XhoI are given in Table 1 . All seven SalI bands of ColIb hybridized to radiolabelled delta DNA as probe (data not shown). The converse was not true, however; two SafI bands of delta, DS4 and DS6, as well as one HindIII band, DH3, did not hybridize with 32P-labelled ColIb DNA. In an analogous experiment, all but one of the 14 HindIII bands of KColIb hybridized to 32P-labelled ColIb DNA. The one exception was KHlO (data not shown). Several SalI bands were also not homologous. These results were not entirely unexpected, as both delta and KColIb are about 15% larger than ColIb (Table 1) . However, the observation that so few non-homologous bands existed confirmed a very close relationship between the three plasmids.
To define this relationship more closely, five SalI single fragments of ColIb (SA, SB, SC, SD and SF), and one HindIII band, the HD band which was actually composed of two fragments of identical size, were used as probes of digests of delta, ColIb and KColIb DNA. In addition, three mini-plasmids of ColIb (pSM32, pHM32 and pHM26; Walia ) and the clones pHUOl1, pTPG4, pTP23 1 and pHK 1 -1 were used. The mini-plasmids, whose structures are shown in the map in Fig. 1 , were used to confirm the results obtained by utilizing the isolated 32P-labelled DNA fragments.
The results of hybridization experiments are given in Table 2 . The major assumption in making our conclusions was that if a DNA fragment from delta or KColIb was the same size as, and hybridized to, a fragment of ColIb, then the fragments were the same. Hence, many small differences could exist that were not detected.
Structure of the delta transfer factor Results indicated that delta was structurally very similar to ColIb with five major exceptions. These are described in terms of the ColIb map and can be seen in Fig. 2 , where insertions are indicated by the triangles and deletions by the dotted lines.
The greatest difference between ColIb and delta appears to be a deletion of about 10 MDa in the SB fragment of ColIb. Delta does not code for colicin or colicin immunity, nor does it cause inhibition of T5 bacteriophage replication. These three genes (col, imm and abi) map very close to each other in the SB fragment of ColIb (Walia & Duckworth, 1983; Gottlieb & Duckworth, 1984) and it could be that the portion of SB that contains these genes is missing in delta. This is supported by the observation that the single XbaI site of ColIb, found in SB (Gottlieb & Duckworth, 1984) , was missing in delta. In addition, SalI digests of delta did not show a band corresponding to SB, although bands with the same apparent size as SA, SC, SE and SF were seen. Also, no HindIII bands with the same size as HC or HE of ColIb were seen in delta (Table  l) , and this indicated that the deletion extended at least into HE.
In hybridization experiments, no fragments of delta that hybridized to both SB of ColIb and pSM32 (Fig. I) , a mini-plasmid containing approximately the right or clockwise third of SB, were detected (Walia & Duckworth, 1983) . This indicated that the part of SB contained in the mini-plasmid was deleted in delta. The isolated SB band of ColIb did, however, hybridize to two SalI delta digestion products, DS2 and DS5, whose composite size was 15.7 MDa, indicating that the entire SB region had not been deleted and that a large insert was in the portion of SB that remained in delta. The isolated SD band also hybridized to DS2 (and to no other fragment). Therefore, we concluded that the SalI site between SD and SB had been deleted in delta, and that there was an insertion of about 6 MDa in this region. Besides a deletion in SB, it appeared that most of SG was also deleted in delta. pSM32, the smallest of our mini-plasmids of ColIb and comprising SG, SE and part of SB (Walia & Duckworth, 1983) , hybridized only to one SalI band of delta, DS7. DS7 was the same size as SE and was assumed to be homologous to it. pHM26, a larger mini-plasmid, hybridized to DSl and DS7. These results were consistent with delta having a deletion of SG or a loss of the site between SG and SA. If the site between SG and SA had been deleted, however, the results with pHM26 would have been the same, but pSM32 would have hybridized to DS1. Some SG sequences must remain in delta, as SG of ColIb was hybridized by the whole delta plasmid. Another insertion of DNA not present in ColIb was thought to be in HA, as DH1 was so close in size to HA, even though a portion of HA (that part of HA that overlapped SB and SG) had been deleted from delta. This insert would have to be of the order of 12 MDa to account for the size of DH 1.
Probing digests of delta DNA with DNA from the HD band (which was actually two different fragments, HD and HD') showed hybridization only to the large SalI fragment DSl. The band with the same M , as SF in delta did not hybridize with HD, although SF from ColIb did. HD did hybridize to a 2 MDa HindIII fragment of delta, indicating that at least one HD fragment was unchanged in delta. When SA, which overlaps HD and H D , was used as a probe of XhoI digests of delta, DXl, DX4 and DX6 were hybridized. DX4 was slightly smaller than SC, indicating that there was a deletion or a new site in this area. This possibly could cause the loss of the site between SA and SF.
It appeared, therefore, as if there was one large deletion in delta, including DNA containing the colicin Ib, colicin immunity and T5 abortive infection genes. Two other apparent small deletions were found and there were apparent additions or rearrangements at two other sites. However, large areas of ColIb seemed to be identical to delta. These were the majority of the SA, SC and SD fragments.
The structure of KCofIb One very evident difference between ColIb and KColIb is the addition of a kanamycin resistance gene, which was found to be inserted in SB. Fragment SB of ColIb hybridized to three KColIb SalI fragments, KS4, KS5 and KS7, in addition to six HindIII fragments. This indicated that there were one or more DNA insertions in SB. pTPG4, a clone containing the abi gene of ColIb, hybridized to only one SalI fragment (SB) and one HindIII fragment (HC) of ColIb, but hybridized to KS5 and KS7 and to KH4 and KH7, indicating new SalI and HindIII sites in this region. pTP231 containing the col and imm genes from ColIb hybridized to SB of ColIb and to KS4, a KColIb fragment smaller than SB. This could again indicate an insertion in SB, specifically between imm (which is closer to abi than col; Gottlieb & Duckworth, 1983) and abi. In addition, the single XbaI site of ColIb, found between imm and abi, was not found in KColIb, and the gene of ColIb that inhibits the T7-kinase-less mutants is also not present in KColIb. This gene has been found to map between imm and abi (D. H. Duckworth & T. Pinkerton, personal communication) . The simplest explanation for these results is the insertion of a Kanr transposon in the gene that inhibits T7k-phage.
The insertion of kanamycin resistance in this region was confirmed by cloning a gene for kanamycin resistance from KColIb. Several clones were found, one of which (pHK1-1) hybridized to the HC and SB bands of ColIb and to KH4, KH6, KH7 and KH10. Digestion of this Kanr clone indicated that it contained the KH4 and KHlO DNA fragments. KH10, as previously mentioned, was the only KColIb HindIII band which did not hybridize to ColIb. Since the KColIb HindIII fragments not present in pHKI-1 were homologous to this clone, there appear to be some repeated sequences in KColIb. A second clone of KColIb that codes for kanamycin resistance was found to hybridize to HD of ColIb, indicating an insertion in this region also. HD also hybridized to an XhoI fragment of KColIb that was larger than XC, and SF of ColIb hybridized to KS6, a fragment larger than SF. Because SA hybridized to at least five KColIb HindIII bands, we believe the insert was in that part of SA which overlapped the HD region, with the SA-SF junction missing.
Another difference between ColIb and KColIb, similar to one between ColIb and delta, was seen near the SD-SB junction. SD, a fragment of 6.2 MDa, hybridized to a SalI fragment of 10.7 MDa (KS2), indicating an insertion in this region. As SD hybridized to only one KColIb SalI band, the insertion must be so close to the SB-SD junction that SD did not hybridize to the second fragment of SD created by the insert. As KH2 (also hybridized by SD) was smaller than HB of ColIb, there must be a HindIII site in the insertion.
The mini-plasmids pSM32 and pHM26 both hybridized to KS4, KS8, KSlO and KS12. pHM26 also hybridized to KS1. KS12 was the same size as SG and the combined size of KS8 and KSlO was slightly larger than the size of SE, indicating, perhaps, that KColIb had a small insertion containing a SalI site in SE.
A new HindIII site was also believed to be present in HA, as KH1 was considerably smaller than HA and pSM32 and pHM26 hybridized only to KH1. Hence, there must be a new HindIII site distal to the end of pHM26. As SA hybridized to KHl, KH3, KH5 and the HD homologues KH8 and KH9, we assumed that either KH3 or KH5 was formed from HA by the new site.
DISCUSSION
We have found delta, ColIb and KColIb plasmids to be very closely related in spite of the fact that these plasmids cause different patterns of phage restriction in both Salmonella and E. coli. We do not know the precise reason for the differences in phage restriction but the insertions and deletions observed, as well as other possible rearrangements, could certainly account for it.
A very attractive hypothesis for the evolutionary relationship between delta, ColIb and KColIb plasmids would be that ColIb is a cointegrate plasmid formed by recombination of a delta-like plasmid with a small colicin-producing plasmid. KColIb could then have been formed from ColIb by the insertion of one or more kanamycin genes, followed by intermolecular recombination events caused by repeated sequences. This hypothesis is at least partially supported by the observation that pHUOl1, a clone of ColIb which contains the complete SalI B fragment and which was isolated by H. Uemura, appeared to be incompatible with ColIb, although the inc (incompatibility) region was not mapped in SB. H. Uemura (personal communication) , therefore, hypothesized a second incompatibility region in SB which could have been the incompatibility gene of the original small plasmid.
Alternatively, KColIb could have been formed by the insertion of one or more Kanr transposons into ColIb. This plasmid, perhaps due to repeated sequences in the Kanr transposons, could subsequently have lost the whole region containing the Kanr genes in additiQn to the colicin and colicin immunity genes. This would have formed a delta-like plasmid. This hypothesis is supported by the observation that both delta and KColIb differ from ColIb in similar regions. The differences in the two plasmids are not identical, however, and could be explained if these regions were mutational 'hot spots'. The structure of another KColIb plasmid, TPl 10drp, has been studied by Ramsden & Strike (1982) and it is very similar, although not identical, to that of our KColIb plasmid. It is particularly interesting that the kanamycin resistance gene of TPllOdrP is in the same location as that of our KColIb plasmid.
